Abstract. Traumatic brain injury (TBI) is one of the leading causes of mortality and morbidity in adults and children worldwide. Recent studies have demonstrated that both apoptosis and autophagy participate in TBI-induced neuronal cell death and functional loss. The peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist rosiglitazone (RSG) is a well-known anti-inflammatory, which carries out its effects via the activation of PPAR-γ. Previous studies have suggested that RSG may exert neuroprotective effects in animal models of both chronic and acute brain injury; however, whether RSG is involved in autophagic neuronal death following TBI remains to be elucidated. The present study aimed to determine whether RSG carries out its neuroprotective properties via the attenuation of neuronal apoptosis and autophagy, following TBI in a rat model. Furthermore, the role of RSG was investigated with regards to the modulation of inflammation and glutamate excitotoxicity, and the impact of RSG on functional recovery following TBI was determined. The rats were subjected to controlled cortical impact injury, prior to being randomly divided into three groups: A sham-operated group, a TBI group, and an RSG treatment group. The RSG treatment group was intraperitoneally treated with 2 mg/kg RSG immediately after TBI. The results of the present study demonstrated that RSG treatment following TBI significantly reduced neuronal apoptosis and autophagy, and increased functional recovery. These effects were correlated with a decrease in the protein expression levels of tumor necrosis factor α and interleukin-6. However, no significant changes were observed in the protein expression levels of glutamate transporter-1 in the brain cortex. The results of the present study provide in vivo evidence that RSG may exert neuroprotective effects via the inhibition of neuronal apoptosis and autophagy following experimental TBI in rats, and the mechanism underlying these effects may be associated with the anti-inflammatory action of RSG. The present study offers a novel insight into the potential use of RSG as a neuroprotective agent for the treatment of cerebral injuries.
Introduction
Traumatic brain injury (TBI) is one of the leading causes of mortality and morbidity in adults and children worldwide (1) . Tissue loss and cell death following TBI results from both primary injury (direct physical tissue disruption) and secondary injury (delayed molecular pathophysiological changes) (2) . Secondary injury occurs following primary injury and may continue for days or weeks, resulting in progressive neuronal death (2, 3) . The mechanisms underlying secondary injury include inflammation, glutamate excitotoxicity, neuronal death and neurological dysfunction, all of which result in the induction of mitochondrial dysfunction as well as the amplification of biochemical cell death signaling cascades (4) (5) (6) .
A recent study confirmed that both apoptosis and autophagy participate in TBI-induced neuronal cell death and functional loss (7) . In addition, neuronal apoptosis has a significant role in the pathophysiology of TBI (8) . Furthermore, caspase-3 and B cell lymphoma 2 (Bcl-2) are recognized as important apoptotic regulators, and the expression levels of caspase-3 and Bcl-2 determine the fate of cells (9, 10) . A previous study demonstrated that TBI-activated autophagy and increased microtubule-associated protein 1 light chain 3 (LC3) immunostaining occurred predominantly in neurons (11) . Beclin-1 has also been shown to participate in the regulation of neuronal autophagy (12) . These results indicate that numerous cell apoptosis mechanisms may contribute to TBI-induced neuronal cell death. Therefore, identifying neuroprotective agents that inhibit these numerous cell death mechanisms may provide novel therapeutic strategies for the treatment of TBI.
Rosiglitazone (RSG) is a peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist, known for its anti-inflammatory actions via PPAR-γ activation (13) . Previous studies have suggested that RSG may exert neuroprotective effects in Rosiglitazone exerts neuroprotective effects via the suppression of neuronal autophagy and apoptosis in the cortex following traumatic brain injury animal models of chronic brain injuries, such as Alzheimer's disease (14) , amyotrophic lateral sclerosis (15) , and Parkinson's disease (16) . The efficacy of RSG has also been demonstrated in animal models of acute brain injuries, including focal ischemia (17) , spinal cord injury (18) , and TBI (19) . A recent study suggested that treatment with RSG attenuated TBI-induced excessive neuronal apoptosis (19) ; however, whether RSG treatment is involved in TBI-induced autophagic neuronal death remains unclear.
In order to determine the potential mechanism underlying the neuroprotective effects of RSG following TBI, the present study aimed to investigate the hypothesis that RSG carries out its neuroprotective effects via the attenuation of neuronal apoptosis and autophagy following TBI in rats. Furthermore, the role of RSG in the modulation of inflammatory and glutamate excitotoxicity, and the impact of RSG on the progression of functional recovery following TBI were also investigated.
Materials and methods
Animals. Adult female Sprague Dawley rats (weight, 250-300 g; age, 3 months; Hebei University Animal Center, Baoding, China) were used for the experiments of the present study. All experiments were performed in acordance with the institutional guidelines for the care and use of laboratory animals (Hebei University School of Medicine). All rats were provided with ad libitum access to food and water prior to experimentation, and were housed in a 12 h light/dark environment at 22˚C.
Models of TBI.
Controlled cortical impact (CCI) injury was carried out on the rats as previously described (1) . The rats were anesthetized by intraperitoneal injection of 50 mg/kg sodium pentobarbital (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), prior to being placed in a stereotaxic frame. A 5 mm craniotomy was performed over the left parietal cortex, centered on the coronal suture and 3 mm laterally to the sagittal suture. Considerable care was taken to avoid injury to the underlying dura. CCI was performed using a pneumatic piston with a rounded metal tip (2.5 mm diameter), angled 22.5˚ from vertical so that the metal tip was perpendicular to the brain surface at the center of the craniotomy. A velocity of 4 m/s and a deformation depth of 2 mm below the dura were used. The bone flap was immediately replaced and sealed, and the scalp was closed with sutures (Beijing Solarbio Science & Technology Co., Ltd.). Body temperature was monitored throughout the surgery using a rectal probe, and the temperature was maintained at 37.0±0.5˚C using a heated pad. The rats were subsequently placed in a heated cage in order to maintain constant body temperature while recovering from anesthesia.
Groups and drug administration. The rats were randomly assigned to a sham-operated group (sham, n=30); a TBI group, which received 0.9% saline solution (vehicle, n=60); and a TBI group, which was treated with RSG (RSG, n=60; Cell Signaling Technology, Inc., Danvers, MA, USA). RSG was dissolved in 0.9% saline and stored at 4˚C. A total of 2 mg/kg RSG was administered via intraperitoneal injection in the RSG group immediately after TBI. All experiments were carried out as blind studies, and the animal codes were only revealed at the end of the behavioral and histologic analyses.
Immunofluorescence. The rats were sacrificed 24 h after TBI by exsanguination. Prior to exsanguination, the rats were anesthetized with sodium pentobarbital (i.p.;50 mg/kg). Coronal sections (10 µm) were obtained from the anterior area of the left hemisphere. The sections were incubated with 10% normal donkey serum (Beijing Solarbio Science & Technology Co., Ltd.) for 30 min at room temperature in phosphate-buffered saline (PBS) supplemented with 0.1% Triton X-100 (Beijing Solarbio Science & Technology Co., Ltd.), prior to being incubated with the appropriate primary antibodies overnight at 4˚C. The following primary antibodies were used in various combinations: Anti-neuron-specific nuclear protein (NeuN) (1:200; cat. no. sc-134481) and anti-caspase 3 (1:50; cat. no. sc-98785), and anti-LC3 (1:50; cat. no. sc-54237) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Following primary antibody incubation, the coronal sections were washed four times at room temperature, prior to being incubated with appropriate fluorescence-labeled secondary antibodies (1:200) for 1 h at room temperature. A total of 5 µg/ml 4',6-diamidino-2-phenylindole (Beijing Solarbio Science & Technology Co., Ltd.) was incubated with the coronal sections in order to carry out counterstaining of the nucleus. The sections were then washed with PBS and mounted onto slides using water-based mounting medium containing anti-fading agents (Thermo Fisher Scientific, Inc., Waltham, MA, USA). All confocal images were captured using an Olympus FV1000 laser scanning confocal microscope, and were analyzed using FV10-ASW 1.5 Viewer digital imaging software (Olympus Corporation, Tokyo, Japan).
Western blot analysis. Briefly, the rats were anesthetized with sodium pentobarbital (i.p.; 50 mg/kg) and underwent intracardiac perfusion with 0.1 mol/l PBS (pH 7.4). The cortex region of the brain was rapidly isolated, homogenized (BestBio Biotechnology, Beijing, China), and total proteins were extracted using protein extraction reagent (Bio-Rad Biotechnology, Inc., Shanghai, China). Protein concentration was determined using a bicinchoninic acid assay (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The samples were separated by 20% SDS-PAGE, and were then transferred onto polyvinylidene fluoride membranes (Roche Diagnostics GmbH, Mannheim, Germany) prior to being blocked with 5% fat-free dry milk for 1 h at room temperature. The membranes were subsequently incubated with the following primary antibodies overnight at 4˚C: Rabbit anti-tumor necrosis factor-α (TNF-α) polyclonal antibody (cat. no. sc-7895), rabbit anti-interleukin (IL)-6 polyclonal antibody (cat. no. sc-7920), rabbit anti-glutamate transporter-1 (GLT-1) polyclonal antibody (cat. no. sc-365634), rabbit anti-capase 3 polyclonal antibody (cat. no. sc-7148), rabbit anti-Bcl-2 polyclonal antibody (cat. no. sc-783), rabbit anti-beclin polyclonal antibody (cat. no. sc-292327), rabbit anti-LC3 polyclonal antibody (cat. no. sc-134226), and mouse anti-β-actin monoclonal antibody (cat. no. sc-376421) (all 1:500; Santa Cruz Biotechnology, Inc.). The membranes were then incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig)G (cat. no. sc-2027) and anti-mouse IgG (cat. no. sc-2025) (1:5,000; Cell Signaling Technology, Inc.) for 2 h at room temperature. The membrane was then visualized with an Enhanced Chemiluminescence Detection system (BestBio Biotechnology) and the densitometric signals were quantified using ImageJ 1.41 software (National Institutes of Health, Bethesda, MD, USA). The immunoreactive bands of the proteins were normalized to the band intensity of β-actin. The western blot results were analyzed using ImageJ 1.41 software (National Institutes of Health, Bethesda, MA, USA).
Recovery of motor function. The neurobehavioral status of the rats was evaluated using a set of 10 tasks, collectively termed the neurological severity score (NSS), which tests the reflexes, alertness, coordination, and motor abilities of the rats. One point is awarded for failure to perform a particular task, and thus a score of 10 reflects maximum impairment, whereas a score of 0 is normal. The NSS was evaluated at 1, 4 and 7 days post-injury. An observer who was unaware of the treatment the animal had received assessed each rat. The difference between the initial NSS and the NSS at a later time point was calculated for each rat (ΔNSS), and this value reflects the spontaneous or treatment-induced recovery of motor function.
Statistical analysis. All data were presented as the mean ± standard error. SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses of the data. Statistical analysis was performed using one-way analysis of variance, followed by Student-Newman-Keuls post-hoc tests. P<0.05 was considered to indicate a statistically significant difference. Fig. 1 exhibits the temporal changes in functional recovery of the TBI rats, expressed as ΔNSS. Post-injury administration of RSG markedly improved motor function recovery on days 1, 4, and 7 following TBI.
Results

Treatment with RSG attenuates TBI-induced motor deficits.
Treatment with RSG inhibits caspase 3 expression in the cortex following TBI. Co-localization of NeuN and caspase 3 was assessed by immunofluorescent staining on day 1. As shown in Fig. 2A , the majority of TBI-induced apoptosis occurred in the neurons. As demonstrated in Fig. 2B, 1, 4 and 7 days after TBI, the expression levels of caspase 3 were markedly increased in the TBI group, as compared with the sham group, and treatment with RSG markedly attenuated caspase 3 expression, as compared with the TBI group (Fig. 2C) .
RSG treatment increases the expression levels of Bcl-2 in the cortex following TBI. The protein expression levels of Bcl-2 in the cortex were analyzed by western blotting 1, 4 and 7 days after TBI (Fig. 3) . As shown in Fig. 3 , the expression levels of Bcl-2 were significantly downregulated in the TBI group, as compared with the sham group 1, 4 and 7 days after TBI. Treatment with RSG markedly increased the expression levels of Bcl-2, as compared with the TBI group.
Treatment with RSG decreases the expression levels of LC3-Ⅱ/LC3-Ⅰ in the cortex following TBI.
A recent study demonstrated that the expression levels of autophagy marker protein LC3 were significantly increased 1 day following TBI (7); therefore, the present study investigated the co-localization of NeuN and LC3 using immunofluorescent staining 1 day after TBI. As shown in Fig. 4A , the majority of TBI-induced autophagy occurred in the neurons. As demonstrated in Fig. 4B and C, 1, 4 and 7 days following TBI, the expression levels of LC3-II/LC3-I were significantly increased in the TBI group, as compared with the sham group, and treatment with RSG significantly decreased the expression levels of LC3-Ⅱ/LC3-Ⅰ in the rat cortex, as compared with the TBI group.
Treatment with RSG decreases the expression levels of Beclin-1 in the cortex following TBI. The expression levels of Beclin-1 in the cortex were measured by western blot analysis 1, 4 and 7 days after TBI (Fig. 5) . As shown in Fig. 5 , the expression levels of Beclin-1 were significantly increased at the various time points in the TBI group, as compared with the sham group. Conversely, treatment with RSG significantly reduced the expression levels of Beclin-1, as compared with the TBI group.
Treatment with RSG decreases the expression levels of IL-6 in the cortex following TBI.
The expression levels of IL-6 in the cortex were measured by western blot analysis 1, 4 and 7 days after TBI (Fig. 6) . The expression levels of IL-6 were significantly increased at the various time points in the TBI group, as compared with the sham group. Conversely, treatment with RSG significantly reduced the expression levels of IL-6, as compared with the TBI group.
Treatment with RSG attenuates the expression levels of TNF-α in the cortex following TBI.
The expression levels of TNF-α in the cortex were measured by western blot analysis 1, 4 and 7 days after TBI (Fig. 7) . The expression levels of TNF-α were significantly increased at the various time points in the TBI group, as compared with the sham group. Conversely, treatment with RSG significantly reduced the TBI-induced upregulation of TNF-α expression.
No significant changes were observed in the protein expression levels of GLT-1 in the cortex following RSG treatment. The protein expression levels of GLT-1 in the cortex were analyzed by western blotting at 1, 4 and 7 days after TBI (Fig. 8) . The expression levels of GLT-1 were significantly downregulated in the TBI group, as compared with the sham group 1, 4 and 7 days after TBI; however, treatment with RSG induced no significant changes in the expression levels of GLT-1, as compared with the TBI group.
Discussion
The present study investigated the effectiveness of RSG, a PPAR-γ agonist, as a therapeutic option for the treatment of TBI. The results indicated that a single injection of RSG immediately following TBI significantly reduced neuronal apoptosis and autophagy, and increased functional recovery. These effects correlate with a decrease in the protein expression levels of TNF-α and IL-6 in the brain cortex. However, no significant changes were observed in the protein expression levels of GLT-1 in the rats treated with RSG. Previous studies 
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have demonstrated that RSG exerts neuroprotective effects in numerous acute brain injury models, including focal ischemia, spinal cord injury, and TBI (14) (15) (16) (17) (18) (19) . Using the CCI model of TBI, the present study confirmed these previous results, and extended these observations by providing the first demonstration, to the best of our knowledge, that post-TBI treatment with RSG exerts neuroprotective effects via the attenuation of neuronal apoptosis and autophagy in the cortex, and these neuroprotective effects were not mediated by GLT-1. A previous study demonstrated that TBI initiates physiopathological cascades of cell death signals and induces numerous cell death pathways (20) . Apoptosis is an important type of programmed cell death that occurs following TBI (8) . Caspase 3, which is regarded as an effector caspase, may be activated via the amplification of extrinsic or intrinsic apoptotic signals (9) . Conversely, Bcl-2 is regarded as an anti-apoptotic member of the Bcl-2 protein family, which has an important role in the regulation of caspase-dependent and caspase-independent apoptosis (10) . The results of the present study demonstrated that treatment with RSG resulted in decreased protein expression levels of activated caspase 3, but increased protein expression levels of Bcl-2 in the cortex following TBI. Previous studies have suggested that treatment with RSG decreased the number of apoptotic neurons following TBI (19) , results which are confirmed by the findings of the present study, which demonstrated that RSG is able to exert neuroprotective effects via attenuation of TBI-induced neuronal apoptosis.
A previous study demonstrated that autophagy is activated in damaged brain tissue samples of numerous and distinct animal brain injury models (21) . Erlich et al (22) evaluated the effects of treatment with an autophagy agonist in a closed head injury model. The results indicated that treatment with rapamycin resulted in improved neurobehavioral function and increased neuronal survival in the injured region (22) . Conversely, numerous studies have demonstrated that attenuation of TBI-induced neuronal autophagy improved cognitive performance and reduced histological damage (7, 23) . Therefore, whether the role of autophagy is detrimental or beneficial following TBI remains uncertain and controversial. Notably, in the present study, treatment with RSG attenuated the TBI-induced elevated expression levels of LC3Ⅱ and Beclin-1 in the brain cortex. It is therefore conceivable to hypothesize that TBI overactivates neuronal autophagy, which causes neuronal self-digestion and induces neuronal cell death, and the neuroprotection of RSG may be associated with the attenuation of TBI-induced over-activated neuronal autophagy.
TNF-α and IL-6 are crucial proinflammatory cytokines involved in TBI-induced inflammatory responses (24) . A previous study demonstrated that activated TNF-α and IL-6 
expression in the initial post-injury period is harmful, and attenuation of these cytokines may exert neuroprotective effects following TBI (25) . The results of the present study demonstrated that RSG is able to downregulate the expression levels of inflammatory cytokines TNF-α and IL-6 in the cortex following TBI. These results are concordant with those of previous studies, leading to the hypothesis that apoptotic and autophagic pathways may be influenced by the downregulation of inflammatory cytokines. In addition, numerous studies have confirmed the important role of glutamate-mediated excitotoxicity in the pathophysiology of TBI (26, 27) . In the central nervous system, the activation of glutamate transporter systems, which promote glutamate uptake, is the principle mechanism by which extracellular glutamate concentrations are maintained below the level of excitotoxicity (27) . Among these transporter mechanisms, GLT-1 is responsible for ~90% of all glutamate transport in adult brain tissue (28) . Therefore, the pharmacological modulation of GLT-1 may provide novel therapeutic applications in TBI. However, in the present study, no significant changes were observed in the protein expression levels of GLT-1 in the rats treated with RSG. The results of the present study suggested that the neuroprotective effects of RSG are not mediated by the modulation of GLT-1 expression in a rat model of TBI.
In conclusion, the present study demonstrated that treatment with RSG reduced the levels of neuronal apoptosis and autophagy, and increased the functional recovery in a rat model of TBI. Furthermore, RSG may also decrease the protein expression levels of TNF-α and IL-6, but no significant changes were observed in the protein expression levels of GLT-1 in the cortex. These results suggest that RSG may exert neuroprotective effects via the reduction of neuronal apoptosis and autophagy following experimental TBI in rats, and the mechanism underlying these neuroprotective effects may be associated with the anti-inflammatory effects of RSG.
